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Abstract The t erworitpeoXéarr emained | argely a technicaﬁl

Rossby waves from Asia United States (US) media used it to describe an historical cold air outbreak in eastern North America. Siné’e

then, fApolar vortexo has be e nepubicedienconflating draulatigru e n2t |
Supporting Information: features and temperatures near the surface with only partially related features at the tropopause and in th%
Supportingnformationmaybefoundin stratosphere. The polar vortex in its most common scientific usage refers to a hemismierstratosphier g
the online version of thiarticle. circulation over the Arctic that is present during the Northern Hemisphere cold season. Reversal of the zoéal

mean zonal winds circumnavigating the stratospheric polar vortex (SPV), termed major sudden stratosphéric
Correspondenceto: warmings.canbelinked to mid-latitudecold air outbreaksHowever this mechanisndoesnot explainthe cold i;’
_J-Choheg). US winter of 2013/2014. This study revisits the winter of 2013/2014 to understand how SPV variability may
Jcohen@aer.com

still have played a role in the severe winter weather. Observations initiaatsomalously strong vertical
wave propagation occurred throughout the winter and disrupted, but did not fully break, the SPV. Instead,
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Citation: vertically propagating waves were reflected back downward, amplifying a blocking high near Alaska and ¢
Cohen, J., Agel, L., Barlow, M., - : T ; 3
Furtado. 3. C.. Kretschmer, M.. & downstream troghing across central North America, a classic S|gnatu_re for extreme cold air outbreaks acr%ss
WendtV. (2022)Thei pod arrt exo C€ntral and eastern North America. Thus, the as§S(
winter of 2013/2014Journal of while not justified by the most common usage of thmfeserves as a case study of the waeflection H
GeophysicaResearchAtmospheres B i ki K
127, 620220036493 tpsidol mechanism of SPV influence on rlatitude weather. E
0rg/10.1029/20223D036493 . Z
Plain Language Summary During the record cold North American winter of 2013/2014, the mediag
Receivedl4 JAN 2022 introducedthefi p o\ @arr ttoghepublicto muchconfusion We showthatthepolarvortexin thestratosphere g
Accepted AUG 2022 wasindeedintimatelyrelatedto the extremecold observedhatwinter butnotin theclassicakensef so-called =

\aRre

major sudden stratospheric warmings, which denote a complete breakdown of the polar vortex. Instead, tge
Author Contributions: anomalous cold was related to stretching or an elongation of the polar vortex (more recently identified as §
EO”CeF‘“a':ZaF"’;“i”‘:gﬁOheL” . fir ef | eventsjThissm@chamsmresultingin anelongatedolarvortexis relatedto waveamplificationand 2
ormal analysis:Juaanconen,Laurie . . . 3
Agel, MathewBarlow, JasorC. Furtado, therefore to extreme cold across North America. Our case study of the winter 2013/2014 shows the |mpor§an(
Marlene Kretschmer, Vivien Wendt of the polar vortex for weather patterns not previously considedamhelp improve predicting extreme
Writing 1 original draft: Judah Cohen winter weather.

Writing 1 review & editing: Judah
Cohen, Laurie Agel, Mathew Barlow,

Jason C. Furtado, Marlene Kretschmer, .
Vivien Wendt 1. Introduction

Therehavebeena surprisingnumberof cold wintersacrossNorth Americacomparedo modelprojectionsover
the past 20 years resulting in a winter cooling trend in central North America since 2009 (CohexD20)al.,
The North American cooling peaked during the winter of 2013/2014 (Baxter & Nigatf Harada &
Hirooka,2017 Hartmann 2015 SigmondandFyfe, 2016. Forexample the centralUnited StateqUS) expert
enced its coldest winter (Decemtikrough February) since 1978/1979 (NOAA National Centers for Enviro
mentallnformation)andChicagorecordedts coldestDecembethroughMarchperiodon record(datingbackto
1872)duringthatwinter (NWS, 2014. Thecold temperaturem easterrNorth Americain recentyearscoincided

© 2022 TheAuthors. . o . . . )

This is an op:n chess article under with anomalousvarmanddry conditionsin westernNorth America(Singhetal., 2016. Thistemperaturelipole

the terms of th€reative Commons of relatively warm and dry conditions across wastdorth America with relatively cold and wet conditions in
Attribution-NonCommercial icense, eastern North America during winter 2013/2014 was one of the strongest since 1980 (SingbHal.,

which permits use, distribution and

reproductiorin anymedium,providedthe The media used the t e-ime diiminter2013/20%4 inex affortftooprovide httei & f
original work is properly cited and is not . X

used for commercial purposes. bution to the anomalouscold (e.g.,CBS News, 2014 NOAA, 2014 NY Times, 2019 Waughet al., 2017).
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According to the Glossary of Meteor ol og yoldr vodem
describes a platary-scale mieto highlatitude circumpolar circulation in both the troposphere and the strap
sphere. It can also refer to smalémale vortices that usually occur within the circumpolar circulation in polgr
regions near theropopausdcalled tropopause polar vortices; Shapiro etl#87. In the scientific literature,
association of the term polar vortex with anomalously cold weather is often followiggificsint disruption
or weakening of the stratospheric polar vortex (SPV). These disruptions of the SPV are characterized bg raj
warming of the polar stratosphere and are referred to as major sudden stratospheric warmings (SSWs; §|efi|
whenthezonalmeanzonalwind at60°N, 10 hPareversedrom positiveto negativeor from westerlyto easterly,
signifying a completebreakdowrof the SPV; e.g.,Charlton& Polvani,2007). SPV variability projectsontothe
leading pattern foextratropical geopotential height variability (Baldwin & Dunkert@@99 2001, Polvani and
Kushner,2002 Thompson and Wallac000), which in the troposphere represents meridional oscillations
atmospherienassetweerhigh-andmid-latitudesandis termedthe Arctic Oscillation(AO) or NorthernAnnular
Mode (NAM; e.g., Baldwin2001; Gong & Wang,1999 Namias,195Q Thompson and Wallac&998 2000
Thompson et al.2002. In the stratosphere, tiéAM serves as a proxy for the strength of the SPV (e.g
ThompsorandWallace,2000. Thenegativephaseof thetropospheridNAM is relatedto anincreasen thelike-
lihood of colder and snowier weather in large part$efrhidlatitudes during winter (e.g., Cohen et 2015
Thompson and Wallac2001).
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Largedisruptionsof the SPVresultin anegativestratospheritNAM whichis oftenfollowed by anegativeNAM

in thetropospher@andcanpersistfor up to 60 daysfollowing theinitial stratospheriperturbatione.g.,Baldwin
& Dunkerton,2001). However,no datesrom thewinter of 2013/2014areincludedin the compendiurrof major
SSWeventgButleretal.,2017 ESRL,2020. Theseobservationged to confusionin usingthetermpolarvortex
among scientists and in the media (ABC Ne2&xl4 AIR, 2014 Manney et al.2022 Waugh et al.2017).

The apparent contradiction between the anomalously cold US winter of 2013/2014 and the lack cfralgnifi
large SPV disruptionsthatwinter motivatedinvestigatingothermodesof SPV variability. KretschmerCoumou

et al. 018, Kretschmer, Cohen et akq18, and Matthias and Kretschme0R0 expanded upon previous
work (e.g.,Koderaetal.,2008 2016 Nathetal., 2014 PerlwitzandHarnik, 2003 2004 Shawetal.,2010 and
showedhattheinfluenceof SPVvariability on US weatheris morecomplexthanabinarymodeof positiveand
negative NAM. Cluster analysis of SPV variability in the ssichtosphere identified SSWs characterized by Iar@
geopotential height rises centered over the pole as the weakest state of SPV variability (Kretschmer, Céurr
etal.,2018. However clusteranalysisof lower stratospherigeopotentiaheightsfor themonthsof Januanand
Februaryalsoidentified alternateweak SPV behaviorwith moreregionalgeopotentiaheightrise® thatis over
easterrSiberiaandAlaska(KretschmerCohen.etal., 2018. In addition,ratherthana displacemenbor splitting
of theSPV,theSPVundergoesdistortionin its shapewith moreof ahorizontalstretchingrom aquastcircular
shapectirculationwith the centermostly confinedto the Arctic to a moreelliptical circulationwith a centerthat
extends from Asia to North America (their cluster four). Cohen eR@RJj repeated the cluster analysis an
identified SPV wgetching events in all months of October through February.
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Differencesetweerthesawo distinctmodesof SPVvariability residein thecharacteristievavedriving patterns
associated with stratospheric circulation anomalies. Indeed, prior to and even during breakdowns of the2SF
wave activity is absorbed in the polar stratosphere. In contrast, for-theadol ed fistr et chedosg 5 S
reflectedor redired¢ed off reflectivesurfacesn the polarstratospherandreturnednto thetropospheréKodera
et al.,2008 2016 Kretschmer, Cohen, et a018 Nath et al.2014 Perlwitz and Harnik2004).
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The formation of these reflective surfaces occurs when wave activity flux (WAF; PLL88B, converges in
the polar stratospheredding to a deceleration of the zonal winds in the mid to upper stratosphere while winds
remain strong at lower altitudes, creating a reflective surface for the waves (Kodera@gl.Since WAF is
reflected duringthesevent s t hey are also referred to as
et al.,2008 2013 2016.
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Another difference between the two clustés the associated tropospheric response. The tropospheric respénse
to an SSW i s -ddownented hegasve fropgspheriovAM Iresponse that lags up to 2 weeks after
the SSWandcanlastfor upto 60 days(e.g.,Baldwin & Dunkerton, 2001, DomeisenGrams & Papritz,2020.
Also, the largestsurfacetemperaturgesponses acrossnorthernEurasia(Kretschmer,Coumouet al., 2018.
In contrast,the troposphericesponseo a reflective SPV eventis characterizedy a negativeNorth Pacific
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Oscillation(NPO; Linkin andNigam, 2008 Rogers,1981) with ablockinghigh nearAlaskaandrelativelycold
temperatureacrosamuchof CanadandtheeasterrJS (Koderaetal., 2013 Leeetal., 2019. Additionally, the
tropospheric response is usually instantaneous to the reflected WAF and is of relatively short,dassitig
ontheorderof daysandupto 2 weeksg(MatthiasandKretschmer2020 asopposedo weeksto monthsfollowing
majorSSWs(Baldwin & Dunkerton2001). Finally, North Americancold anomaliesarefoundto bemostintense
duringandimmediatelyafterreflectiveSPVeventgKretschmerCohengetal.,2018 Leeetal.,2019. Thisstudy
exploresvhetherthe SPV playedarole in theextremewinter weatheracrossNorth Americaduringthe winter of
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2013/2014. The working hypothesis is that, despite the lack of a major SSW that winter, frequent upwardswa
propagation into the polar stratosphere contributed to a persistentlsbdistand occasionally weak SPV thatg
generatedeflectivelayersfor subsequenipwardpropagatingvaves.Thesereflectedwaves,in turn, supported =
theanomalouslamplified circulationpatternacrossNorth Americathatproducedherecordcold winter condk %
tionsin centralNorth America.In otherwords,we showthattheuseof thetermfi p o\ @ ttoexplainthecold g
extremes that winter can be justified, yet not in the originally intended usage by the media. %
Previously discussed wave reflection events in the scientific literature focused on downward wave activgy C

reversed poleward heat flux associated with whwever the polar cap (DurBigouin & Shaw,2015 2018
ShawandPerlwitz,2013 Shawetal.,2014). Thesereflectiveeventsareassociateavith a shift towardapositive
AO or North Atlantic Oscillation, a poleward shifted Nowftlantic storm track and relatively mild temper
atures across the midtitudes but especially Europe that can characterize an entire winter-8youin &
Shaw,2015 2018 PerlwitzandHarnik,2003 2004 ShawandPerlwitz,2013 Shawetal.,2014. Asanexample,
we show a canonical example of reflection from Faby2020 (see Figure S1 in Supporting Informat&ip
where upward WAF is followed by downward WAF, a circular SPV and atrombsphere circulation that is
characterized by below normal geopotential heights across the entire Arctic but especiallyarthih&tlsintic
sector with above normal geopotential heights across thdatitiudes.

The frequency of reflective events may be sensitive to the-gieasiial oscillation, sea surface temperature
(SSTs) including in the North Atlantic and El Nifio/Southern Oscillation (ENSO) regions (Lubis 20H),
and dianges in greenhouse gasses (Lubis e2@1d. However, as we will discuss below the wave reflectior
that characterized the winter of 2013/2014 exhibited important differences from most previously studied g/av
reflection events. g
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2. Data and Methods

For all atmospheric fields, we used daily mean fields from the fifth generation of the European Cent
MediumrangeWeather-orecastindECMWF) atmosphericeanalyze§ERA-5; Hersbachetal., 2020. ERA-5
data is available hourly on pressure surfaces at a horizontal resolution of 31 km on 137 vertical levels, fr
surfaceup to 0.01hPa(around80 km). Anomaliesfor all daily quantitiesarederivedfrom the ERA-5 reanalysis
by removingthe multi-yearmean(1980 2017)for eachday. SeasonalNovember March) climatologyof all the
atmospheric fields presented are shown in Figure S2 of Supporting Inforr8ation
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Justasdefinitionsfor SSWsarenumerougseeButleretal., 2015, therearedifferentwaysto identify stretched/
reflective SPV events. Here we follow the recent work of Cohen eR@2I) relying on cluster analysis for
identifying stretched/reflectiv&PV eventsMore precisely for fall andwinter 2013/2014specificallyOctobef
February), we repeat the clustering analysis of Kretschmer, Cohen,2&18). énd Cohen et al2021) to find
all days that are identified as cluster four of the-hB@& geopotential height anomaly field, which resemble t
characteristispatialpatternof reflectiveevents Following MatthiasandKretschmei(2020, we alsocalculatea
regional reflective index (RI) as an alternative to cluster analysis for identifying wave reflection events. T|
is defined as the difference between the standardized meridional eddy heat flux over SibdriB&PE)and
Canada (225300°F) averaged between 45° and 75°N at-h&&:
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RI= ( x % Siberial ( * ¥ Canada

wherev denotes the meridional wind, denotes temperature, the prime denotes the deviation from the zc%al
mean, and the asterisk indicates that the quantities are standardized. When Rl is above +1.5 for 10 congect
days, this is considered a reflective event (Matthias and Kretsch@gs),
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Moreover, we perform additional wave analysis, including eddy geopotential height, and WAF in the verfcal
meridionalandzonaldirectionssimilarto Koderaetal. (2008 2016 to selectheeventshatareindeedrelatecto

wave reflection. For computing WAF on a sphédfg (ve followed the derivation of Plumi485):

NN
0 1 a(vilIf ff 1 a(ulf)y 2Qsin(f)  ; ; 1 a (Tlfy
= M Muv+ ™
Fe=peos) v Momenzn a1 2Qasn2) al s ' 2Casinz) al
where
g=ar, , T,
az H

is thestaticstability, thecaretindicatesanarealaverageverthe polarcapnorthof 20°N, p is pressureuy is zonal
wind, H is constant scale heiglzt= -Hinpisthelogpr essur e coordi nat e, a is
rotation rate (7.292 x 13< 3, ais the radius of Earth, is latitude, angis longitude. The vertical component
of WAF, WAF, isfiltered to only showwavesli 3, asthesewavesdominatewavedriving in theNorthernHemk
sphere polar stratosphere (e.g., Charney & Drd#f1, Matsuno,1970.
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Thereis aquestionrwhetherthewaveenergythatinitiatedthe SPV stretching/reflectiveventsanalyzeds related
to low and/orhigh frequencywaves We decomposethetropospheri@ddywavesinto their low (>10days)and
high (2 7 days) frequencies and found most of the eddy wave energy in the low frequency waves (not s
We alsocomputedhetransienWWAF (Plumb,1986 andfound mostof the WAF, is explainedby the stationary
waves(Plumb, 1985. Therefore,in the restof the analysiswe only usedthe derivationof WAF providedin
Plumb(1985.
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Several indices of weather variability and forcing are used in this study. For regional temperature anor%ali(
across North America, we areaeraged (i.e., cosingeighted) the temperature anomalies for the regio§
bounded by 40%60°N, 2607 290°E. For theeagional 10ehPa WAF, anomalies over Siberia and Canada, WE::
areaaveragedVAF, fieldsover50% 75°N, 1209 185°E,and50% 75°N, 2259 300°E, respectivelyFortheNorth
Pacific regional height anomalies, we aee@raged over the region bounded byiF8°N, 150% 210°E. For a
representativélockingindex, we followed the derivationof Tibaldi andMolteni (1990 which detectseversal
in thegeopotentiaheightgradient:

Z (1,8, t) MZ (1,¢ t) Z (1,8, t) MZ (1,60, t)
= GHGN(1, 1) = ¢
To M, (1.9 ¢, M "
=80°N + D¢ = 60°N + D ¢s = 40°N + DD

GHGH1, t)

= M@, 0°, 5° Criteriafor blockingeven{1) GHGS> 0 (2)GHGN < Mp Tt

whereZ is the geopotential height at 500 hPa (subjected tday5unning mean) artds time. We limited our
computatiorof theblockingindexto the North Pacificsectorboundedby 1509 230°E.We alsousedanalternate
definition of blockingfrom Dole andGordon(1983 andfoundthatidentified periodsof blockingwerenotsensi
tive to the blocking definition (see Figure S3 in SupportirfgrimationS1).

Statisticalsignificanceis determinedor thesurfacetemperatur@anomaliedy comparingheanomaliesvith the
90th percentileconfidencenterval of compositecanomaliegieneratedy randomsamplingof 1,000datesfrom
representative times in the data set (15 Novenlbbtarch 19802017). For example, for the event beginning

1 February 2014, 1,000 dates are randomly selected, and for each date, the surface temperature anomglie:
composited for the period &85 daysafter. At each grid point, the composited event value fa58lays after is
statistically significant if it is outside the 90th percentile of the 1,000 random composited values.
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To test for robustness of our results, we repeated all atmospheric aneilysése National Aeronautics and
SpaceAdministration(NASA) ModernEraRetrospectivdiReanalysifor ResearclandApplication(MERRA-2;
Gelaroetal.,2017. TheanalysesvereconsistenbetweerERA-5 andMERRA-2 andin thearticle,we therefore
only show analysis using ER3
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Figure 1. Observediaily polarcapgeopotentiaheight(i.e., areaaveragedjeopotentiaheightspolewardof 60°N) standardize@nomaliesrom 1 October2013 §
through 31 March 2014. z
3. Results g
<
3.1. Overview of Winter 2013/2014Neather and Identification of Reflective Events %
The winter of 2013/2014 did not feature a strongly negative stratospheric or tropospheric NAM, which i§ th
most common teleconnection index to illustrate stratosginepesphere coupling. Figufeshows the vertical §
profile of polar cap height anomalies (i.e., ase@raged geopotential height anomalies poleward of 60°N g;’n
isobaric surfaces, a commonly used proxy for the NAM) does not display any dowprepeating MM 2
signal (i.e., #fAdrippingod) from the stratospherg
anomalously cold periods of the winter of 2013/2014 were unrelated to SSWs or zonal mean SPV disrug,tiow
(wherethewarmingis symmetricaround the North Pole).However WAF, wasanomalouslyositivethroughout
the stratospher@almostcontinuouslyfrom the end of December2013throughthe end of March 2014 (Figure
S4 in Supporting Informatio®1). This is consistent with HarnikQ09 and Sjoberg and Birne2@12 who
demonstrated that upward propagating waves are critical for creating reflective surfaces aSigbuimand
Shaw 018 who demonstrated with idealized experiments highreler waves numbers & 1) were key to
creating the reflecting surfaces. So, while no major SSWs occurred during the winter of 2013/2014, the acti

WAF, leaves open the possibility for wave reflection.

In Figure 23 we show the poleward heat fluxd,Ta@ood proxy for WAE for wavel only. During winter
2013/2014 there were periods wherd &séociated with waveé was negative (WAHs downward) and even
record negative, especially in early February, suggestive of wave reflection (e.g., Perlwitz and 208k,
However, we also show in Figugb thatv 6 &séociated witlwave2 was mostlypositive (WAF, is upward)
and at timegecord positive especially in early February. In fact, Harada and Hiro@d7) found that the
2013/2014winteraveragef wave 2 WAF, wasoneof thehighestobservedverthereanalysiperiod.Moreover,
thewinter averageof WAF, wavesoneandtwo showsupwardWAF, over AsiaanddownwardWAF, overNorth
America (see Figur@c), characteristic of wave reflection that dominated the winter averages. Furthermére,
Harada and Hirooka2(Q17) observed strong convergence of WA the region of the stratospheric Aleutian§
high thatfavorednegativewaverefractionin theregion(Harada& Hirooka,2017), which is supportiveof wave
reflection (Harnik & Lindzen2007).
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We continue our analysis by characterizing the overall weather conditions in North America during the v@nte
of 2013/2014. Temperatures in eastern North America were almost continuously below average through@utt
winter of 2013/2014 with the most notatdgception of middanuary (Figure, purple line and Figure S5 in
Supporting Informatior81, blue line). In particular, three prominent periods of below normal temperaturess
eastern North America occurred during that winfaj:midNovember through early January, (b) late Janua
through midFebruary and (c) late February into early March.

n
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Figure 2. Daily polewardheatflux v 6 @t©00hPafor (a)wave1 only and(b) wave 2 only averaged0i 90°N. Theblueline denoteghetimeseriesor 2013 2014(up
until the time the figure wamade), the black lines denote the climatology, the black shading denotes ihs2btercentile range, the gray shading denotes the 10t
to 90th percentile range and the gray lines denote the largest positive and negistivenvihie record. c) Winter mean WAy longitude.
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As a first diagnostic to identify reflective events (see Se@)ome perform clustering on the 1:0®a geopo
tential heights as in Kretschmer, Cohen, etZz018 and Cohen et al2021). All the dates identified as cluster
four are listed in Tablé. Our cluster analysis identifies dates that are synchronous with egfatiMd periods
in easterrNorth Americasuggestivef therelationshipbetweenSPV stretchingandrelatively cold weatherthat
winter. We further compute the RI for the winter of 2013/2014 (Figure S5 in Supporting Inforr8atiea
line). Therearethreeperiodswhenthe Rl exceeds+1.5: (a) briefly in earlyNovember(b) mid-Januaryto early
February and (c) late February to late March. Overall, these two simplePkD@iagnostics suggest that wav
reflectionoccurredepisodicallythroughouthewinter. Theseperiodsof wavereflectionalsomatchwell with the
particularly cold spells across North America noted earlier.
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Next, we plot the daily evolution of different indices over the course of the winter of 2013/2014 (B)igur
Specifically,we computethe WAF, averageaver Siberia(Figure3a blueline), over CanadgFigure3a orange
line), the geopotentiaheightanomalyoverthe northern North Pacificat 100 hPa(Figure 3b, magentdine) and
at 500 hPa (Figurab, green line) and the standardized surface temperature anomaly over eastern North &me
ica (Figure3c, purple line). Based on this analysis, there are five periods that can be characterized as reﬂécti‘

o(suompuooéﬂmual/wos'/(aum

eventsjdentified wherethe WAF, is upwardover Siberiaanddownwardover CanadaFigure3a redarrows). 2
Eachreflectiveeventis followed by ridging in thelower stratospherandmid-troposphereverthe North Pacific §
(Figure3b, redarrows)andcold temperatures easterrNorth America(Figure3c, redarrows).In addition,the g‘
correlation between the North Pacific blocking index and the regional temperature anomalies in easterniN

ol
America is strongest and statistically significant at lag 0 and when the blockergleatls by a few days (not
shown).Of thefive eventspasedn theclusteringanalysis(Table1) andthe Rl (FigureS5in Supportinginfor-
mationS1), thetwo eventghatarerobustlyclassifiedasreflectiveeventsareobservedrom mid-Januarythrough
mid-February (listed as 8 February 2014) and from late February througllanah (listed as 4 March 2014).

To further test for evidence of the impact of a reflective event on subseasonal North American weath
analyzeblocking occurrences across the North Pacific (Fig@eesFigures S3 and S5 in Supporting Infor
mation S1) which are linked to cold air outbreaks downstream and often follow reflective events (Hara@ &
Hirooka, 2017 Kodera et al.2008 2013. Indeed, pronounced blocking episodes occurred in early Novembgr,
earlyDecembernd therB8 timesduring thewinterd in late Januaryearly Feluaryand lateFebruaryinto early :

-
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Figure 3. Daily values of (a) areaveraged WAFover Siberia (calculated over 505°N, 1207 185°E) and Canada (calculated overis®°N, 2257 300°) and (b)
areaaveraged geopotential height anomaly at 100 and BéQ¢alculated over 5075°N and 150°210°E) and (c) areaveraged surface temperature anomalies over
theNortheastertJSA andSoutheaster@anadg40° 60°N, 260% 290°E)overthe courseof thewinter 2013/2014All valuesarestandardizedTheredarrowsindicate

reflective events defined when WAIS upward over Siberia and downward over North America. The red arrows of the same order (first, second, third, #te.) in a

panels represent the same event.
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March (Figures3a FiguresS3andS5in SupportingnformationS1). Thesethreelatterblockingperiodsapprox “mgf
imately coincide with the peaks in the RI in late January into early February and late February into early Marc
(Figure S5 in Supporting Informatidsi, red shaihg). g

In summary, the different analyses suggest an influence of wave reflection in driving at least two of the c@d 8
outbreaks across North America during the winter of 2013/2014. For the remainder of the study, we focgls (
the four periods identifieds cluster four events in Tabhleand which further exhibit clear wave reflection ing
Figure3a earlyNovember]ate Decembeinto earlyJanuarylate Januarnjinto early Februaryandlate February
into earlyMarch.As thelattertwo eventsarethe mostrobustlyidentified reflectiveeventsacrossall metrics,we
will beginouranalysisonthelasttwo eventdistedin Tablel. Thenwewill analyzetheperiodof earlyNovember

COHENET AL.

7 of 18

9sUdIIBUOWIWODBAIRaI e el |dd



- Journal of GeophysicalResearch:Atmospheres 10.1029/2022JD0364¢

Table1
DaysFrom 1 NovembeR013Through31 March2014ldentifiedas ClusterFour or ReflectiveEvents

Daysidentifiedasclusterfour of 100-hPageopotentiaheightanomalieor reflectiveevents

Firstday Durationin days
7 November2013 3

5 Decembe013 11

19 Decembef013 15

5 January 2014

9 January2014 3

16 Januan2014

8 February 2014 11

4 March 2014 4

Note Dates inbold are describeth more detaiin thetext.

(listedas7 November2013)whentheRlI only briefly exceeded-1.5.We will concludetheanalysiswith thecold
air outbrealof late Decembeto earlyJanuarylistedas5 Januar2014)whenthetermfi p o\ arr twasmastly
widely used and is most closely associated with the weather of that winter.

3.2. Late Winter SPV Reflective Eventsof 2013/2014

Thefirst robust(acrossll metrics)reflectiveeventoccurredrom late JanuarythroughearlyFebruary2014.The
eventocaurredin two parts,andwe will focusonthesecondartin early FebruarywhenNorth Pacificblocking
peakedor thewinter (Figures3aandFigureS5in SupportingnformationS1). Anotherreflectiveeventoccurred
at the end of February and early March with renewed North Pacific blocking (Figmeesd Figure S5 in
SupportingnformationS1). Sincethetwo eventsaresimilarin characterwe will discusghetwo eventsogethe.

Duringthefirst andlastweeksof February WAF in theverticalandmeridionaldirections(WAF,,) wasdirected
upwardfrom the surfacethroughthe mid-stratospheréseearrowsin Figures4aand4c). During this period,the
jetstreamin thetropospheravascenteredetweer80and35°N andthepolarnightjet betweer60 and70°Nwith
windsincreasingwith heightin thestratospheré~iguresAaand4c, shading) However aswavesbrokealongthe
polarnightjet, depositinganomalouheatandmomentunfluxes, the zonalmeanzonalwindsweakenedluring
the second week of February and the end of the first week of March (Fiduaesl4d). As a result, a reflec
tive layer formed in the stratosphere, shown by the negative vertical wiad shehat WAF was still directed
upwardbetweerd0 and55°N butalsodirecteddownwardbetweert5 and80°N (Figures4b and4d). The WAF,

at 100 hPa (Figures S6a and S6b in Supporting Inform&lpshading) shows the characteristic signature
reflectiveeventswith positive(upward)overthe UralsandeasterrSiberiaandnegative(downward)overCanada
(Kretschmer, Cohen, et aRp18. We also observe eastward wave propagation originating over the Eura
sectorinto the North Pacificandcontinuinginto North Americaandthe North Atlantic (FiguresS6aandS6bin
Supporting Informatiors1, vectors).

& ipuoopussIay w0 Ao ATeiqIaIUO/:SANYSUONPUCOPUESWIS L SUPSS [£202/0/0] U0 ATBIArIauIuO ASIW ANISIoAUNPIBISELIOYR EBFRE0ACZZ02/620T 0 T/I0PAUOo AalIM AIeIqIiaUIIu0"SandnBe//:Saiy WOIPSPEOIUMOQ L TZ202966869TZ

an

o Joj AreigriauuciRemuc(s|

s}
3

In Figuresbaand5c, we show the daily average for 2 and 27 February 2014 of eddy geopotential height al
alies (i.e., the zonal mean removed; shading) along 60°N, WAF in the vertical and zonal directiong,(W.
andWAF,, convergenceWavepropagatiorcanbe observedstartingwith the anomalougropospheriaidging
nearthe Urals, theninto the EastAsian trough,thenthe North Pacific ridge andfinally into the easterrNorth
AmericaandNorth Atlantic trough.Geopotentiaheightanomalieand WAF in the zonalandmeridionaldirec
tions (WAF,) at 500 hPa also exhibit general eastward wave propagation (Figures S7a and S7b in Sup
InformationS1; vectors).
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The WAF,, shown in Figured and5 highlights the importance of the troposphere in reflective/SPV stretchi
eventsastheprimarysourceof theenergyresponsibldor waveamplificationoverNorth Americaandtheresult
antcold air outbreaksTherole of the stratospherés primarily asa reflectivelayerredirectingWAF, backdown

towardthe troposphereresultingin convergenceearthe tropopauseand centeredat the Dateline(Figure 5).

g
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Figure 4. Latitudeheightcrosssectionof zonalmeanzonalwind andwaveactivity flux vectorsin thelongitudinalandheightdirectionsfrom the surfacethrough ﬂ%
10-hPa for (a) 2 February 2014, (b) 10 February 2014, (c) 27 February 2014 and (d) 7 March 2014. §
(=3

WAF convergence strengthens the North Pacific ridging first in the stratosphere and then in the tropos}i’)he
(Figuresbaand5c). S
°
Consistent with upward vertically propagating Rossby waves, the wavhke geopotential heights tilt west =

ward with height over the Eurasian sector. During the second week of February and the first week of Narc
(Figuressb and5d), aftertheformationof thereflectivelayer,thewavesin the geopotentiaheightstilt eastward
with heightovereasterrNorth Americaandthe North Atlantic, whichis necessar§or downwardwavepropaga
tion (Figuressb and5d).

The geopotential heights in the lower stratosphere at 100 hPa dutid-8bruary and agairi 7 March 2014
exhibit a strong dipole of a positive height anomaly across the North Pacific side of the Arctic and a ne
height anomaly across EasteCanada and extending into the North Atlantic (Fig@&®and6d). Consistent
with SPV reflective events, a similar dipole is observed atH3®8 for the same periods (Figu@sand6¢).
This feature is coupled with relatively warm surface temperatures in the North Pacific sector of the Arctiq}r an
cold surface temperature anomalies across Canada, the eastern US aparisrmgeAsia for the second week £

tiv
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of Februaryandfirst weekof March (Figures6c and 6f), as expectedduring the Alaskaridge regimeof Lee %

et al. 019. g’.

E
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Figure 5. Longitudeheightcrosssectionof geopotentiabddyheightanomalieswaveactivity flux (WAF) vectorsandconvergencédashedines)anddivergence
(solid lines) of WAF in blue contours averaged between 55 and 70°N for (a) 2 February 2014, (b) 10 February 2014, (&2 268brand (d) 7 March 2014.

In summarythesetwo cold air outbreakshowclearsignature®f SPV stretchingandwavereflection.Analysis
of theatmosphericirculationindicateshatduringthatperiod,wavesoriginatedin thetropospher@verEurasia
and propagated eastward and upward and eventually downward over North America resulting in convergen
of WAF, critical for strengthening tropospheric ridging. This wave propagation in the vertical and longitudihal
directions contributed to wave amplification and anomalously cold weather over eastern North America.
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3.3. Fall and Early Winter ReflectiveEvents

Next, we analyzewhetherthe cold periodfrom late Octoberthroughearly Januarymight berelatedto or atleast
initiated by reflectiveeventsdentified by the daily analysisshownin Figure3 (thoughlessdistinctiveor ampli
fied relativeto the later events based on the RI). Though WARigure3asuggests a reflective event in Iate%
October, the clustering analysis, the RI, and the North Pacific blocking do not identify a reflective event dgrin
this period.Instead all metricsaremoreconsistentjdentifying a reflectiveeventin early November Sincethis 3
eventoccurredn thefall, we discusst in the SupportinginformationS1(SI).
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The next period when an SPV event is identified by clusterirdysis, which coincides with active WAF
(Figure S4 in Supporting Informatid®l) , is | ate December and early
v o r twesiirdt usedby the mediato describethe cold air outbreakin early January(Waughet al., 2017).
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